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ABSTRACT 

The Nernst-Ettii^s hausen, thermoelectric power, thermal transverse-even, 
magnetoresistance, and Hall coefficients are measured in fields to 3. 3 tesla, and at 
temperatures between 1. 2 and 4. 2 K in metallic tin. The results show that the Nernst- 
Ettings hausen coefficient is large, and anisotropic with respect to angle between field 
and crystal axes. The Nernst-Ettings hausen anistropy closely resembles that of the 
magnetoresistance coefficient. The temperature and field dependencies of the adiabatic 
coefficients are predicted from a theory for the isothermal coefficients, and these 
predictions are compared with e3q>eriment. Quantum oscillations in the thermoelectric 
power are discussed; amplitudes are in reasonably good ^reement with theory. 
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GALVANOMAGNETIC AND THERMOMAGNETIC EFFECTS 
IN WHITE TIN IN FIELDS TO 3. 3 TESLA AND AT 
TEMPERATURES BETWEEN 1.2 AND 4.2 K 
by John A. Woollam 
Lewis Research Center 

. SUMMARY 

The adiabatic Nernst-Ettingshausen the thermoelectric power e^y, thermal 

transverse- even e’ magnetoresistance p„„, and Hall coefficients are mea- 
zy yy xy 

sured in magnetic fields to 3. 3 tesla and for temperatures between 1. 2 and 4. 2 K. The 

results demonstrate the effects of Fermi surface topology on the Nernst-Ettingshausen 

3 2 

coefficient. For closed electron orbits = AH + BH where A and B are con- 
stants and H is field strength. For open electron orbits saturates to a constant 

value smaller than the noise level for this experiment. 

The field and temperature dependencies for all the adiabatic thermo magnetic coef- 
ficients are predicted by assumirg the validity of the Wiede man- Franz law and a theory 
for the isothermal coefficients. The theory for the closed-orbit Nernst-Ettingshausen 
coefficient is in good agreement with experiment. The e^y and e^y coefficients do 
not have observable (nonoscillatory) field dependencies. This is not in agreement with 
predictions. 

The adiabatic thermoelectric coefficient has strong quantum oscillations 

originatiig from the sixth-zone electron Fermi surface. The magnitudes of these os- 
cillations are in relatively good agreement with the amplitude predicted by theory. 


INTRODUCTION 

It has been known for several years that open orbits have a drastic effect on 
magnetoresistance (refs. 1 and 2). In tin, for example, where there is compensation of 
electron and hole volumes, the magnetoresistance is quadratic in field for closed-orbit 
directions. For open orbits, the magnetoresistance saturates to a constant value 
(refs. 1 and 2). 


Bychkov, Gurevich, and Nedlin (BGN) predict the effects of open and closed orbits 
on the isothermal thermoelectric tensor elements (ref. 3). One of the problems 
involved in a general test of the BGN theory is that none of the isothermal thermoelectric 
tensor elements can be determined from a sii^le voltage measurement (refs. 4 to 6). 
Only at field directions parallel to axes of three-fold or h^her symmetry is the mea - 
surement less than extremely tedious (refs. 4 and 5). Assuming the validity of the 
Wiedeman- Franz law, we resolved the problem of comparii^ e^qperiment with theory, 
as shown in the section THEORY. In the following sections, the ejq)erimental tech- 
niques are described, the experimental results are discussed and con^ared with theory, 
and quantum oscillations in the thermoelectric power are compared with theory. 


THEORY 

Kinetic Equations and Transport Coefficients 

The linear relations between current density J, electric field E, negative temper- 
ature gradient G, and heat current density w may be written (refs. 4 to 6) as 


E* = p’J + e'w* 


G = 7t’ J + yw* 


or independently as 


E* = p J + e G 
w=<‘ = -7T J + yw* 


where 


E* = E 

e 

w* = w - 

e 


(la) 

(lb) 

(2a) 

(2b) 

(3a) 

(3b) 


and p is the chemical potential. (Symbols are defined in appendix A. ) When J is 
zero, equations (la) and (2a) give 


e'w* = eG 


( 4 ) 


2 



where e is the isothermal thermoelectric tensor, and e’ is the adiabatic thermo- 
electric tensor. Equation (lb) shows that, when J = 0, 

G = y w* (5) 

so 

e’ = ey (6) 

where y is the thermal resistivity tensor and 

y = (7) 


where X is thermal conductivity tensor. 


Transport Coefficients in High Field Limit 


Azbel’, et al. , (ref, 7) have shown that the asymptotic (high field limit) form of the 
thermal conductivity tensor X is identical to the form of the electrical conductivity 
tensor a in their field dependencies. The conditions for this to be valid are (1) thermal 
conduction by electrons must be much greater than conduction by phonons; (2) elastic 
collisions of electrons with impxirities must be the dominant scattering mechanism; 

(3) COT » 1 where 


CO = 


eH 

m*c 


( 8 ) 


is the cyclotron frequency, and t is the average time between collisions. Under these 
conditions. 



where ct is the electrical conductivity tensor, and 



(9) 


( 10 ) 
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is the Lorentz ratio. It follows, by inverting equation (9), that 


1 * 

p = a = TLy 


(11) 


and from equation (6) we get 



LT 


( 12 ) 


Consider first the electrical resistivity tensor p. The Lifshitz, Azbel', and 
Kaganov (LAK) form of p when cor » 1 is well known, and depends on Fermi 
surface topology and state of compensation (refs. 1 and 2). For a compensated metal 
this form is 


P 







H 



Closed and con^ensated 


(13a) 


P 




One open orbit aloi^ x axis (13b) 


where H is the magnetic field strength. The z-azis is assumed to be in the field 
direction and the x-axis to be parallel to the open orbit in equation (13b). 

For an uncon^ensated metal the resistivity tensor for closed orbits is (refs. 1 
and 2) 


P 




Closed and uncompensated 


(14) 


and for one open orbit in the x-direction the tensor is the same as equation (13b). 
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Turning now to the BGN theory for the isothermal diffusion thermoelectric tensor, 
we have for a compensated metal (ref. 3) 


H 

H 




H 

H 


Closed and compensated 

(15a) 

H° 

H° 

H°/ 




and 




H 

H 

H-1 







Open along x-direction (15b) 


As in the electrical case, the magnetic field is along the z-direction. 

For an uncompensated metal with closed orbits the BGN theory gives (ref, 3) 


Closed and uncompensated (16) 


For open orbits in uncompensated metals the thermoelectric tensor is the same as equa- 
tion (15b). 

For closed compensated metals we use equations (12), (13a), and (15a) to obtain the 
ten^erature and field dependence of the adiabatic thermoelectric tensor. Multiplyii^ 
equation (13a) by equation (15a) gives 



H-1 

h' 

H-1 


h' 


H-1 

H' 




+ H 



+ H 

+ H 

+ H 

H > 


Closed and con^ensated 


(17) 


It is understood in writing equation (17) that there are field- and temperature- independent 

;orm: 

(18) 


coefficients multiplying each term. Thus, the term is understood to be of the form: 


€* = AH^ + BH^ 
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in 


n II 


where A and B are constants. 

For an uncompensated metal and closed orbits we again use equation (12) to obtain 
e' by multiplying equation (14) by equation (16): 


e’ 



H 



Closed and xmcompensated 


(19) 


For the case of open orbits along the x- direction, currents along y, and field 
along z, the adiabatic thermoelectric tensor results from multiplying equation (13b) by 
equation (15b): 


e* 



H 

H° 



Open along the x- direction 


(20) 


H the open orbit is not mutually perpendicular to H and the currents (y-direction), 
equation (20) does not apply. To generalize equation (20) for the case of an open orbit 
at an angle a from the x-direction, a coordinate rotation is made. The rotation is in 
the plane perpendicular to the field. A similarity transformation of equation (20) re- 
sults in 


^12 2 2 2 2 

e’ ~ I H sin 2o! + H cos a + H sin a. H sin a + H sin 2 a H sin a 


2 2 2 2 
H cos Q! + Hsin2Q! H sin 2 a + H cos a + 

2 


XI oxii a 


H cos a 


H sin a 




( 21 ) 


Again it is understood that there are field- and temperature -independent coefficients 
multiplying each term in equation (21). Heat current is along y; field along z; and the 
open orbit makes an angle of a with the x-axis. 

Tin is a compensated metal so equation (17) applies for closed orbits. The thermo- 
magnetic coefficients measured are 

(1) Adiabatic Nernst-Ettii^shausen, e* 
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(2) Adiabatic thermoelectric, 

(3) Adiabatic thermal transverse- even, 
and their ejspected field dependencies are 


= AH^ + 

^YV ^ ^ 

e» = A*»H^ + B”H 

zy 


Closed orbits in tin 


( 22 ) 


where the A and B are field and ten^erature independent. In the presently described 
ejqjeriments, the open orbits are parallel to the x-direction, so equation (20) applies 
(see figs. 1 and 2). The expected field dependencies for tin are then 


fr 

~H 

xy 


~ 1 

yy 

e' 


zy 

y 


Open orbits in tin 


(23) 


Y 



Figure 1, - Experimental sample geometry and coordinate system. 
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TABLE I. - PREDICTED AND MEASURED FIELD 


DEPENDENCIES OF ADIABATIC THERMO- 
MAGNETIC COEFFICIENTS 
AND 


Coefficient 

Closed orbits 

Open orbits 


Theory 

E3q)eriment 

Theory 

Experiment 

Nernst- 

Ettingshausen, 


H^+ 

h1 

Smaller 
than noise 

Ther moelectr ic , 

^yy 


Quantum 

oscillations 

only 

rO 

Smaller 
than noise 

Transverse- 

even, 

^zy 

L 

Smaller 
than noise 


Smaller 
than noise 


These predictions, along with ejsperimental results, are summarized in table I. 

Phonon drag is not treated since it is probably very small, especially at 1. 2 K. 
Van Baarle, et al. , have measured the phonon drag contribution to be less than about 
5 percent at 1,2 K for ~99. 9-percent-pure tin (ref. 8). 


EXPERIMENTAL APPARATUS AND PROCEDURE 

The samples used in these ejq>eriments had R^qq/R^ 2 approximately equal to 
20 000, The crystal used for most measurements was in the shape of a bar 0. 00318 by 
0. 00318 by 0. 0222 meter, oriented with the [001] axis parallel to the long dimension. 
The perpendiculars to the 0.00318- by 0.0222- meter surfaces were along [100] equiva- 
lent directions. This crystal was grown from 99. 9999-percent-pure tin, and spark cut 
to within 1° of the specified orientation. The sample geometry and coordinate system 
are shown in figure 1. 

Great care was taken to attach the leads to the center of the faces, and to have a 
small contact area. This was done by coating the crystal with varnish, then scratching 
away a small contact point to which the leads were soldered. The varnish was then dis- 
solved away. Leads were attached at the points indicated in figures 1 and 2. 

Heat flow was provided by a 300-ohm-per-foot wire heater which had a total re- 
sistance of 2050 ohms, independent of temperature and magnetic field to a few percent. 
For thermal measurements, a constant heat flow was provided by the heater, and the 
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adiabatic coefficients were measured as a function of magnetic field strength, field 
orientation, and temperature. Potentials were measured with a dc voltmeter, and 
short-term noise was typically on the order of 5xl0~® volt. 

Current leads were attached only for electrical resistance measurements, and 
magnetoresistance voltages were measured at pair 3 in figure 1. For the thermomag- 
netic coefficients, the current leads were removed so that these relatively large copper 
leads would not conduct heat from the san^le. The thermo magnetic coefficients were 
measured with the sample in vacuum. One end of the sample was maintained at helium 
bath temperature. Adiabatic thermoelectric voltages were measured at pair 3 (fig. 1). 
The adiabatic Nernst-Ettingshausen and thermal transverse-even e^y coefficients 
were calculated from a measurement of both Vj and Vg (f%. 2). For J = 0, equa- 
tion (la) becomes 

E = €*w (24) 


The heat current was along the y-axis so 


E = 

e’ w 

X 

^ y 

= 


y 

yy y 

E = 

e* w 

z 

zy yJ 


(25) 


-3 

Power input was typically 10 watt. The Nernst-Ettingshausen voltages were calcu- 
lated from 


V(Nernst-Ettingshausen) = |Vj^ cos 0| + |V 2 sin 0| (26) 

and transverse-even voltages were calculated from 

V(trans verse-even) = |V 2 cos 0| - sin 0| (27) 

which are singly the vector components perpendicular and along the field direction. 

The angle between the field and the normal to the sample face 0 is shown in figure 2. 
For rotations at fixed field, measurements were made every degree, and the coeffi- 
cients and were calculated by computer using equations (26) and (27). Mag- 
netic field direction reversals were made and coefficients averaged. Thus, final data 
covered ±90*^. The measurements were made usii^ number 38 copper lead wires, and 
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copper thermoelectric properties were assumed to be field independent and negligible 
compared with those of tin (ref. 5), 

The magnet was a superconducting transverse split pair on an iron core with a 
maximum field of 3. 3 tesla. Angles were read to within ±0. 1°. The temperature could 
be varied from 4. 2 to 1. 2 K by pumping on the helium bath. 

A heat pulse method was frequently used and was found to give a larger signal to 
noise ratio than dc methods. A low-frequency heat pulse was sent to the end of the 
san^le (fig. 1), and thermo magnetic potentials were measured by a lock-in amplifier. 
The method was especially useful for studyh^ quantum oscillations. 


EXPERIMENTAL RESULTS 
Electrical Resistivity 

The magnetoresistance of tin is plotted in figure 3 as a function of ai^le at a fixed 
field of 3. 3 tesla. The Fermi surface of tin has been studied extensively (refs. 9 to 14). 
Results show open orbits aloi^ the [110] and [100] equivalent crystal directions. Tin is 
a compensated metal, and open orbits cause a saturation of the magnetoresistance as 
predicted by equation (13b). As shown in figure 3, saturation is found at the [110] (±45°) 
and [100] (0° and ±90°) equivalent directions. The dip at [110] is very narrow and shows 
that the region of open orbits perpendicular to this field direction (also [110] orbits) is 
very narrow. 

The magnetoresistance as a function of field for the selected field directions indi- 


1.99 



Degrees in (001) plane 


Figure 3. - Magnetoresistance atl. 2 K and 3. 3 tesla for the (001) rotation plane of tin. 
Numbers indicated by arrows are values of n, where p(H)~H^. 
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cated in figure 3 increases as 


Pyy ~ H” (28) 

For fields as low as a few tenths of tesla, up to the maximum field, n ranged from 1.92 

to 2. 06 as marked by arrows in figure 3, which is within ejiperimental error of being 

n = 2. 0 as predicted by equation (13a) (refs. 1 and 2). 

The zero field electrical resistivity was measured as a function of temperature 

from 4. 2 K to the superconducting transition at 3. 7 K by an ac method (ref. 15). The 

-12 

resistivity at H = 0 and T = 4.2K was 6. 5x10 ohm- meter, and 

R300/R4 2 “ resistivity decreased monotonically to 4.9X10" ohm- meter 

at 3. 7 K with R^Qg/Rg ,^ = 27 000. Thus, the sample between 4. 2 and 3. 7 K was not in 

the residual resistance region. This agrees with the published data for pure tin 

(ref. 16) and with the temperature dependence of at H = 3. 3 tesla to be discussed 

in section Temperature Dependence of Nernst-Ettii^shausen Coefficient, and Electrical 

Magnetoresistance. 

The maximum [p (H) - p (H=0)]/p (H=0) at 4. 2 K was 13 000 at 3. 3 tesla. To 

J J %/ %7 J J 

first approximation 


(CcIt)^ 


Pyy(H=0) 


(29) 


so (j 3 T ~ 110 at 4. 2 K (refs. 1 and 2). An extrapolated zero field resistivity to 1. 2 K 
results in a maximum of approximately [pyy(H) - Pyy(H=0)]/pyy(H=0) of 37 000 as noted 
in figure 3. This makes ojt ~ 190 at 1. 2 K. 


Thermomagnetic Results 

The results of the adiabatic Nernst-Ettingshausen and thermal transverse- 
even coefficients calculated from experimental data are shown in figure 4. Equa- 
tions (17) and (22) and table I show that for closed orbits should have a field de- 
pendence which has cubic and quadratic terms in H. Field sweeps were made at many 

3 2 

angles, and all showed the predicted = AH + BH dependence. The values of A 
and B depended on angle. 

O 

A plot of e^/H against H is a straight line for fields below about 2. 0 tesla 
(fi^. 5). Figure 5 shows that only a quadratic term remains above 2.0 tesla, and by 
3. 3 tesla the field dependence of e’ has diminished even further. The probable ex- 
planation for the results above 2.0 tesla is that the Wiede man- Franz law (eq. (9)) is 
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Degrees in (001) plane 

Figure 4. "Adiabatic Nernst-Ettingshausen €* and thermal transverse-even 
€' coefficients for (001) rotation plane of tin at 3,3 tesla and at 1. 2 K, 
demonstrating effects of Fermi surface topology on 



Figure 5. - Measured field dependence of adiabatic Nernst- 
Ettingshausen coefficient at L2 K and 0= 30°, 


no longer valid. Heat conduction is by electrons and phonons, and high fields decrease 

the electronic thermal conduction until phonon conduction becomes important. By the 

Wiede man- Franz law and equation (13a), the electronic thermal resistivity increases as 
2 

H for closed orbits. At high fields, where lattice conduction is important, the field 
dependence of the thermal resistivity diminishes. At high enough fields, the thermal 
resistivity y becomes independent of field, and equations (11) and (12) indicate a lower 
field dependence for e’ as a result (ref. 4). 
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Equations (20) and (23) predict the field dependence of e' for open orbits in tin 

3 2 ^ 

to be H, as opposed to H and H for closed orbits. This predicts dips in e’ at 
open-orbit directions. Within ejq)erimental limits, was found to go to zero at the 
open-orbit directions [110] and [100], as shown in figure 4. If there is an H depend- 
ence at these angles, it is very weak. 

Equations (20) and (23) predict that the thermoelectric and thermal transverse-even 

coefficients e’ and e'„ go to zero at open-orbit directions. This is experimentally 
yy ^y 

observed. However, equations (17) and (22) predict strong field dependencies of 

and for closed-orbit field directions. This was not observed experimentally. Fig- 

ure 4 shows that was within ejqperimental limits of being zero for all angles. The 
zy 

large scatter of data about el = 0 in figure 4 results from e' being the difference 

zy zy 

between two rather large numbers (see eq. (28)). The error in each one is approxi- 
- 8 

mately ±25x10 volt- meter per watt, and the scatter in e' fits approximately within 
-8 

±50x10 volt- meter per watt. 

Figure 6 shows the adiabatic thermoelectric coefficient as a function of angle 

in the (001) plane at 3. 3 tesla. The nonoscillatory field dependence has a maximum 
- 8 

value of 2. 5x10 volt- meter per watt and is caused entirely by a 0. 025- millimeter mis- 
alinement of the Vg contact points from the vertical. This nonoscillatory dependence 
of 6yy on angle reverses sign on reversing field direction and is due to a small com- 
ponent of the Nernst-Ettingshausen voltage. Within limits of experimental error, the 
nonoscillatory field dependence is zero for all angles in the (001) plane. The os- 
cillatory part of is discussed in the QUANTUM OSCILLATIONS IN THERMO- 
ELECTRIC COEFFICIENT e^y section. 


E 

I 

> 

-li 
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3x10^ 



Figure 6. - Adiabatic thermoelectric coefficient at 3.3tesia and 1.2 K, showing quantum 
osciiiations for neariy all directions except along [llO] and [lOO]. The nonoscillatory back- 
ground is not real, as explained in text. 
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Temperature Dependence of Nernst-Ettingshausen Coefficient, and 
Electrical Magnetoresistance 


The LAK and BGN theories assume that scattering is by elastic collisions only. 

This means the metal must be in the residual resistance region of temperature. As dis- 
cussed in the section Electrical Resistivity, the present crystal of tin, as shown by zero 
field resistance measurements, was not in the residual resistance region between 4. 2 
and 3. 7 K. As an additional test, the magnetoresistance at 3. 3 tesla was measured as 
a function of temperature from 4. 2 to 1. 2 K, for a closed-orbit direction. The value of 
Pyy at 3. 3 tesla increased by 50 percent in going from 4. 2 to 2. 0 K. Below 2. 0 K, it 
saturated to a constant value. 

The field dependence of p and e, as described in equations (13) to (21), actually 
came from an ejq)ansion in terms of cor; that is, H is proportional to co (eq. (8)). In 
the limit of only elastic scatter ii^, t is independent of temperature. In the present 
crystal of tin, the increase of 50 percent in the resistance at 3. 3 tesla is due to an in- 
crease in T. Below about 1. 8 K, the crystal is in the residual resistance region, r is 
constant, and there is no further increase in the magnetoresistance. 

From equation (12), 


e’ = (12) 

LT 

and equation (15) shows that e is proportional to T. Thus, if p and e/T are inde- 
pendent of temperature. 


e’ ~ T° (30) 

Equation (30) is the temperature dependence in the residual resistance region only. 

This explains the saturation of to a constant value below about 1. 6 K (fig. 7). The 
increase in with decreasing temperature between 4. 2 and 1. 8 K is due at least 
partially to the increase in r, which results from a decrease in electron-phonon scat- 
tering. 
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Figure 7. - Temperature dependence of adia- 
batic Nernst-Ettingshausen coefficient for 
field of 3.3 tesla. 


QUANTUM OSCILLATIONS IN THERMOELECTRIC COEFFICIENT 

Stroi^ quantum oscillations in the adiabatic thermoelectric coefficient e' were 

_ o yy 

observed that had amplitudes up to ~0. 5x10 volt- meter per watt at 3. 3 tesla. By ro- 
tating the crystal in a fixed field of 3. 3 tesla, oscillations were seen at nearly all angles 
except near [110] and [100] equivalent symmetry directions (f^. 6). These oscillations 
arise because of the quantization of electron motion in a plane perpendicular to the ap- 
plied magnetic field. (Reference 17 gives a background on this phenomenon.) As shown 
in a theory by Horton, the thermoelectric coefficient e^y should depend approximately 
on field and angle (ref. 18), and 

(31) 

where Aj is the amplitude, F(0) is the deHaas-van Alphen frequency, H is the field, 

9 is the relative direction of field with respect to crystal axes (f%. 2), and y is a 
phase factor. Equation (31) shows that e^y is periodic in 1/H with frequency F(0). 
The frequency F(0) is a large number and has a strong dependence on 9. Therefore, 
e^y also oscillates as 9 changes when H is fixed. Experimental measurements give 
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F(0), which is proportional to the extremal cross-sectional area of the Fermi surface 
perpenducular to the 0-direction. 

The presently observed oscillations have a frequency F(0) characteristic of the 
sixth-zone electron surface section (refs. 9 to 14). However, at an ai^le 16° ± 5° from 
[110], a large amplitude oscillation of frequency 0.22x10^ tesla (0.22x10^ gauss) is ob- 
served. This frequency is more than a factor of 2 lower than any reported frequency in 
this rotation plane (refs. 9 to 14). The origin of the lower frequency oscillations is 
presently not understood. 

Horton calculates the ’’absolute” thermoelectric tensor which from definition is 
(refs. 4 to 6, and 18) 


= ctI’X (32) 

e’ = pe”y 
or 

e' =-L e.tp (34) 

LT 

To evaluate equation (34) consider first the resistivity tensor p. The Hall resistiv- 
ity p was measured and found to be much smaller than the resistivity p^y, and the 
oscillatory parts of p were found to be small compared to the nonoscillatory parts. 
From equation (13a) the other off-diagonal terms in p are of low power in H, and so 
are neglected. Thus, 



p 


yy 



(35) 


Using the appropriate numbers for tin and the Horton theory (ref. 18), e” is approxi- 
mately: 



( 36 ) 
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Using equations (34) to (36), and taking only the oscillatory component of we get 



2 

LT yy 


( 37 ) 


where p is the yy component of p. 

To apply Horton’s theory, we make the followup assumptions (refs. 19 and 20): 


m is replaced by m* 


(38) 


n is replaced by 


6.2 \ K 


2 / 


(39) 


CO is replaced by 


eH 

m*c 


(40) 


is replaced by hco 


H 


(41) 


where all terms have their usual meaning, and F is the de Haas- van Alphen frequency. 
Horton's xmaltered expression is 


cM = - ^ ne ^ 1 JL 
yy 3 m T ^2 



— \ ' ilAl— Ao(A.)sin b 


+ 




(42) 


when COT » 1. Evaluating the magnitude of the sin b and cos b terms for tin shows 
that the term in sin b is much larger than the term in cos b and also much greater 
than 1. The v = 1 term dominates the terms with i' > 1. Equation (42) thus reduces to 



-§ ^ ^ Ao(X)sin b 

6.2 ti3/2^1/2 jjl/2 


(43) 
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and from equation (40), 


~ p(H)^ 

yy 2 


5 

6,2 * 2 / 2 , 1/2 


— i- Ao(X)sin b 

jjl/2 OJT 3 


(44) 


where Ag(X) and sin b are discussed below. Evaluating equation (44) at 1. 2 K gives 


2 

~ .eJH) _F_ 2 315X1Q26 A„(X)sin b 
yy WT jjl/2 ^ 


(45) 


For sixth-zone oscillations in tin, 

'e* 5. 7x10"® A„(X)sin b volt- meter /watt (46) 

yy *5 


where 


Ag(X) = -7T csch(X)(l - X ctnh X) 


X 


27T' 


2 ^ 
hu) 




b = _ Z 

H 4 


(47) 


and Ag(X) is a maximum when X = 1. 67, This occurs at 1. 2 K for sixth-zone orbits in 
tin. The maximum value of Ag(X) is -1. Thus, equation (46) is 

'e’ ^ 5. 7xl0~® sin ) volt- meter /watt (48) 

yy \ H 4/ 

The Horton theory and equations (42) to (48) are for a free electron Fermi sphere. To 
predict the amplitude for the sixth-zone Fermi surface section, the theoretical expres- 
sion must be corrected. Therefore, equation (48) is multiplied by the ratio of the ef- 
fective number of carriers on the sixth zone to the effective number of carriers on the 
free electron sphere for any particular field direction. The number of carriers effec- 
tive is proportional to the distance in momentum space parallel to the field, in which all 
electrons have very nearly the same orbit radii. This is proportional to the Fermi sur- 
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face curvature parallel to the field. The curvature correction is therefore (refs. 19 
and 21) 


C = 



free electron 




3k: 


1/2 


( 49 ) 


where A is the extremal cross-sectional area perpendicular to the field. For a free 
electron sphere, 


3k? 


= 27T 


(50) 


The denominator in equation (49) is given approximately by (refs. 19 and 20) 



where n^ is the electron density and F is the de Haas- van Alphen frequency. Evalu- 
ating equations (51) and (49) for the sixth zone of tin gives 


C = 3. 59 (52) 

The second factor relating the number of effective carriers on the sixth zone to the 
free electron sphere is the circumference at the extremal cross section perpendicular 
to the field. Using Gold and Priestley’s free electron radius (ref. 9), the ratio of the 
sixth-zone circumference (with H 22° from [110] in (001)) to the free electron circum- 
ference is approximately 


Sixth-zone circumference 
Free electron circumference 


^ 0.071 


(53) 
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The theoretical amplitude (eq. (48)) is thus multiplied by equations (52) and (53) to give 

(theory) ^ 1.5x10"® volt-meter/watt (56) 

The experimentally observed amplitude was 

(experiment) 0. 3x10"® volt-meter/watt (56) 

The agreement between theory and experiment is therefore reasonably good. 

Agreement between theory and experiment would be somewhat better if the thermal 
resistivity were used in evaluating equations (33) and (34) rather than using the 
Wiede man- Franz law to relate the thermal and electrical resistivities. As discussed 
in the section Thermo magnetic Results, the thermal resistivity does not continue in- 
creasing quadratically as predicted by the Wiede man- Franz law and equation (13a). The 
field dependence of (eq. (41)) wovild be smaller than predicted from a depend- 
ence. This would reduce the theoretical amplitude predicted by equation (54) 

The relatively good agreement between theory and experiment supports the use of 
equation (37) and the assumptions leading to it. jft also shows that the Horton free 
electron theory and the assumption of randomly located neutral point impurities were 
reasonably good. 


CONCLUSIONS 

The adiabatic Nernst-Ettingshausen coefficient e^, the thermoelectric coefficient 

e’ , and the thermal transverse-even coefficient e’„ are measured in magnetic fields 
yy zy 

to 3. 3 tesla and temperatures between 1. 2 and 4. 2 K. The results clearly demonstrate 
the effect of Fermi surface topology on e'^^, which is very anistropic with respect to 
the angle between field and open-orbit directions. This anisotropy is very similar to 
the anisotropy in the electrical m^netoresistance. 

The field and ten^erature dependence for all of the adiabatic thermo magnetic co- 
efficients are predicted by assuming the validity of the Wiede man- Franz law and a 

theory for the isothermal coefficients. For closed-orbit directions, the field depend- 
o 2 

ence of is AH + BH , in agreement with predictions. The tenperature depend- 
ence of below 1. 6 K is in agreement with predictions. 

The adiabatic thermoelectric coefficient has stroi^ quantum oscillations 
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originatii^ from the sixth-zone electron Fermi surface. The magnitude of these os- 
cillations is in relatively good agreement with the amplitude predicted by theory. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, February 24, 1969, 

129-02-05-14-22. 
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APPENDIX - SYMBOLS 


A 

A, B, A»,B»,A”,B" 


A3(X),A4(X) 

b 

c 

E 

E* 

e 

F(0) 

G 

H 

H 

K 

J 

k 

L 

m 

m* 

n 

P 

R 

R(H) 

T 

Vi,V2,Vg 


cross-sectional area of Fermi surface 
amplitude of oscillatory effect 

constants independent of field and temperature, but dependent on 
angle between field and crystal axes 

parameters dependent on o) and T 

parameter, (2?rF/H) - (ir/4) 

velocity of light 

electric field vector 

experimental electric field vector, E - V/x/e 
charge on an electron 

components of E vector inCartesian coordinates 
Fermi energy 

de Haas -van Alphen frequency 
negative temperature gradient vector 
magnetic field stretch 
vector magnetic field 
Planck's constant divided by 2n 
electric current density vector 
Boltzmann constant 

Lorentz ratio from Wiede man- Franz law 

electron mass 

effective mass 

density of electrons 

crystal momentum 

electrical resistance with J parallel to [001] 

Hall resistivity 
absolute temperature 
e3q>erimentally measured potentials 
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w 

:|c 

w 

a 


a 


V 


/8 

y 

r 

€ 


e’ 


€ 


tt 


■yy 




e 

X 

X 

M 

i> 

n 


P 


^xy 

^yy 

p 

p’ 


components of w vector in Cartesian coordinates 

heat current density vector 

modified heat current density, w - juJ/e 

angle between open orbit and x-direction 

components of p tensor which are linear in H 

constant 

phase factor 

adiabatic thermal resistivity tensor 

isothermal thermoelectric tensor 

adiabatic thermoelectric tensor 

absolute thermoelectric tensor 

oscillatory part of adiabatic thermoelectric tensor 

oscillatory part of isothermal thermoelectric tensor 

oscillatory part of isothermal thermoelectric power coefficient 

oscillatory part of isothermal Nernst-Ettingshausen coefficient 

oscillatory part of adiabatic thermoelectric power coefficient 

oscillatory part of adiabatic Nernst-Ettingshausen coefficient 

relative angle between field and crystal face 

parameter, 2ti kT/1iw 

isothermal thermal conductivity tensor 

chemical potential 

integers from 1 to “o 

isothermal peltier tensor 

adiabatic peltier tensor 

transverse or Pyy component of p tensor 

Hall coefficient 

component of p tensor 

isothermal electrical resistivity tensor 

adiabatic electrical resistivity tensor 



O’ electrical conductivity tensor 

T average time between elastic scattering 

w cyclotron frequency, eH/m*c 

[100], [110], [001] crystal axes specified by Miller indices 
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